DUX4, a homeobox-containing gene present in a tandem array, is implicated in facioscapulohumeral muscular dystrophy (FSHD), a dominant autosomal disease. New findings about DUX4 have raised as many fundamental questions about the molecular pathology of this unique disease as they have answered. This review discusses recent studies addressing the question of whether there is extensive FSHD-related transcription dysregulation in adult-derived myoblasts and myotubes, the precursors for muscle repair. Two models for the role of DUX4 in FSHD are presented. One involves transient pathogenic expression of DUX4 in many cells in the muscle lineage before the myoblast stage resulting in a persistent, disease-related transcription profile ('Majority Rules'), which might be enhanced by subsequent oscillatory expression of DUX4. The other model emphasizes the toxic effects of inappropriate expression of DUX4 in only an extremely small percentage of FSHD myoblasts or myotube nuclei ('Minority Rules'). The currently favored Minority Rules model is not supported by recent studies of transcription dysregulation in FSHD myoblasts and myotubes. It also presents other difficulties, for example, explaining the expression of full-length DUX4 transcripts in FSHD fibroblasts. The Majority Rules model is the simpler explanation of findings about FSHD-associated gene expression and the DUX4-encoded homeodomain-type protein.
BACKGROUND ABOUT FSHD
Facioscapulohumeral muscular dystrophy (FSHD), an autosomal dominant disease, is unique in its linkage to contraction of a tandem repeat array (D4Z4) consisting of large repeat units. 1 Patients with FSHD1, the predominant form of the disease found in diverse ethnic populations, 2,3 almost always have a short D4Z4 array in the subtelomeric region of 4q (4q35). Short arrays contain 1-10 copies of the 3.3-kb repeat unit, instead of B11-100. Despite recent insights into the genetics of FSHD, [4] [5] [6] there are still great challenges for understanding the role of dysregulation of gene expression in this disease and the frequent lack of genotype:phenotype correlations. 7, 8 Inside each D4Z4 repeat unit is DUX4, which encodes a transcription factor containing two homeodomains. However, only the most distal copy of DUX4 at 4q35 (Figure 1 ) is likely to be involved in this painful, debilitating and slowly progressive disease. [4] [5] [6] Diagnosis of FSHD involves molecular analysis of D4Z4 arrays. [9] [10] [11] Usually, the clinical presentation of FSHD is in the second or third decade, with symptoms mostly limited to a small set of skeletal muscles, often exhibiting an asymmetrical distribution of affected muscles. 7, 12 Patients with very small D4Z4 arrays (only one D4Z4 repeat unit) may present in very early childhood. 13, 14 Unlike Duchenne's muscular dystrophy, cardiomyopathy is noted only rarely upon clinical presentation. 15 Respiratory insufficiency and mild, high-frequency hearing loss are sometimes observed, especially in patients with moderate to severe FSHD. [16] [17] [18] [19] There are frequent associations with asymptomatic retinal telangiectasias. 7, 12, 20 No effective treatment is available.
At subtelomeric 10q (10q26), there is a D4Z4 array that is almost identical to that at 4q35, with DUX4 in each repeat unit, and that array is similarly polymorphic in size. Much controversy has surrounded the issue of which 4q35 gene or non-genic DNA sequence is responsible for the linkage of FSHD to contraction of a D4Z4 array at 4q35 and not at 10q26. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] FRG1, the gene that is the nearest to 4q35 D4Z4 and absent from 10q26, has been reported to be very strongly upregulated in FSHD muscle; 24 however, this was not observed in studies from four other labs. 25, [30] [31] [32] Genetic evidence indicates that a common single-nucleotide polymorphism (SNP) in the D4Z4-adjacent sequence at the distal end of the array at 4q35, but not at 10q26, is responsible for the 4q35 linkage (Figure 1 ). This SNP, which is present in about half of the general population, [33] [34] [35] confers a polyadenylation signal (pA) to the last copy of DUX4 at 4q35 and is almost never found distal to 10q D4Z4. 4, 5 No pA is within the DUX4 gene itself, although this gene has a promoter. 26 The evolutionary conservation of a coding function for DUX4-related sequences 36 and the absence of any observed FSHD patients with a deletion of the entire D4Z4 array 37 support FSHD disease models based upon D4Z4 shortening causing inappropriate, gain-of-function expression of DUX4. This gain of function requires the disease-permissive SNP immediately downstream of the last repeat unit in the contracted D4Z4 array. DUX4 is further implicated in FSHD pathogenesis through the discovery of a rare family of FSHD patients with the pA SNP in cis to a short D4Z4 array at 10q26, rather than at 4q35. 5 Because this misexpressed DUX4 in the FSHD muscle lineage encodes a trans-acting protein, a transcription factor, 27 any dysregulation of 4q35 gene expression other than at the D4Z4 array is likely to be a secondary effect comparable to DUX4-initiated FSHD-associated dysregulation of gene expression elsewhere in the genome. This conclusion is re-enforced by the above-mentioned finding of the rare FSHD family with normal-sized 4q35 D4Z4 arrays but with an exceptional pA SNP at 10q26 in cis to a contracted10q26 D4Z4 array. 5 However, there may well be normal myogenesisassociated changes in chromatin structure at 4q35.2 38 related to the muscle-lineage specific nature of FSHD that could impact the D4Z4 array.
Inappropriate expression of DUX4 to give very low levels of fulllength transcript (DUX4-fl RNA) in FSHD myotubes and myoblasts generally requires both array contraction and the pA SNP. [4] [5] [6] One exception to the requirement for array contraction is the rare variant (B5% of cases) of FSHD called FSHD2 (or FSHD1B), 39,40 which needs to be carefully differentiated from other dystrophies that sometimes mimic its clinical symptoms. 41 Although generation of DUX4-fl RNA in FSHD2 myoblast or myotube nuclei is not linked to contraction of the D4Z4 array, it is still linked to the pA SNP at 4q35. 6 In addition to DUX4-fl RNA, many shorter transcripts from both strands of D4Z4 are generated in low abundance, 42 which is not surprising in view of recent findings that a large portion of the human genome is transcribed to generate noncoding RNAs, 43 especially from DNA repeats. 44, 45 The two DUX4-fl RNA isoforms that have been found associated with FSHD vary only in the 3 0 untranslated region, have no identified functional distinction, 6, 27 and will both be referred to as DUX4-fl RNA.
Another exception to the need for array contraction to generate full-length polyadenylated transcripts from DUX4 was seen in multiple normal testis samples, which generate DUX4-fl RNA from both 10q and 4q DUX4 at D4Z4. 6 In testis, the last copy of DUX4 apparently uses either the common pA SNP (at 4q35) or a far distal, constitutively present pA (at 4q35 and 10q26) to provide for polyadenylation of the transcript. In addition, an induced pluripotent stem cell culture derived from control fibroblasts was positive for DUX4-fl RNA before, but not after, induction of differentiation. 6 However, this result awaits confirmation from more samples.
FSHD1, FSHD2 and the germ lineage appear to confer a loose, transcription-conducive conformation to D4Z4 chromatin. This is evidenced by changes in histone modification; 46 partial but variable hypomethylation of D4Z4 in FSHD1; and more extensive hypomethylation in FSHD2. 39 There is yet more hypomethylation in normal sperm. 47 D4Z4 hypomethylation does not suffice for the disease as seen in the absence of muscular dystrophy symptoms in patients with ICF (immunodeficiency, centromeric region instability and facial anomlies), the rare, unrelated DNA hypomethylationassociated disease in which D4Z4 is strongly hypomethylated. 47, 48 A MAJOR COMPLICATION IN UNDERSTANDING THE RELATIONSHIP OF DUX4 TO PATHOGENESIS DUX4 protein is a transcription factor that can regulate expression of other genes. 27 Moreover, it contains two homeodomains, 49, 50 domains that are found characteristically in proteins regulating early stages of differentiation, 51 and localizes to the nucleus. 27 Therefore, it is easy to envision its inappropriate expression in the muscle lineage leading to pathogenesis. However, a major complication in understanding the relationship of DUX4-fl transcripts to FSHD pathogenesis is their Transcription dysregulation in FSHD M Ehrlich and M Lacey extraordinarily low average abundance in FSHD1 and FSHD2 myoblasts, myotubes, and muscle. 52 Detection of DUX4-fl RNA in FSHD biomaterials requires nested PCR 6 or unusually high amounts of cDNA template (400 ng). 5, 53 The need for these non-quantitative conditions for RT-PCR raises fundamental questions about the nature of the causal association of DUX4-fl and the disease pathology. Such PCR conditions also require unusual vigilance to prevent false positives. It has been estimated that about 1 in 1000 FSHD myoblasts or nuclei in myotubes are positive for DUX4-fl transcripts (by RT-PCR of highly diluted FSHD myoblast cultures) or the corresponding protein in contrast to control cultures, which are negative. 6 Therefore, the very low levels of FSHD-associated DUX4-fl RNA or protein in cell populations could be accounted for by only a very small percentage of DUX4-fl þ nuclei. Moreover, DUX4-fl transcripts were not detectable in some preparations of FSHD myotubes and, especially, FSHD myoblasts. 6, 53 TWO MODELS TO EXPLAIN DUX4-FL PATHOGENICITY At clinical presentation, affected muscles in FSHD patients have heterogeneous and rather non-specific histological findings. 13, 54 Although Reed et al. 55 found a significant increase in the distance between the sarcolemma and the underlying contractile apparatus in unfixed FSHD skeletal muscle, the basic contractile apparatus was normal by immunofluorescence and confocal microscopically. We will consider models of pathogenesis focused on abnormal regenerative repair of muscle 56 in FSHD. This focus is supported by the typically slow progress of the disease and the usual presentation of symptoms after the first decade of life.
Satellite cells, which account for only B2-6% of the nuclei in adult skeletal muscle, are the main source of stem cells for repair of postnatal skeletal muscle through regenerative myogenesis, induced by muscle wear-and-tear, injury, or disease-related atrophy. [56] [57] [58] During regenerative myogenesis, satellite cells are induced to proliferate and form myoblasts. These mononuclear cells then differentiate and fuse with the damaged myofiber or with other myoblasts to form multinucleated myotubes. A key question for understanding the biological implications of the very infrequent DUX4-fl þ nuclei (at the RNA or protein level) in FSHD myoblast and myotube cultures derived from affected muscle is whether a large fraction of these cells has a disease-associated expression phenotype.
We consider two models inferred from recent articles about FSHD. [4] [5] [6] 53, [59] [60] [61] Model 1 ('Minority Rules') involves undefined molecules spreading toxicity initiated by DUX4-fl protein in the tiny percentage of FSHD myoblasts or nuclei in FSHD myotubes that are positive for DUX4-fl. In this model, there is no need for a diseaselinked expression profile in the vast majority of the cells in the population (Figure 2 ). Currently, there is an emphasis in the literature on the toxic and pro-apoptotic effects of DUX4 as central to pathogenesis, as deduced from experiments involving the introduction of plasmid or viral DNA constructs encoding moderate to high amounts of DUX4-fl RNA in various cell types. 4, 6, 59, 62 Even at low, non-toxic concentrations of experimentally induced DUX4-fl RNA in mouse myoblasts, there is downregulation of Myod1 RNA levels and concomitant inhibition of myotube formation and expression. 59 When myoblasts are undergoing differentiation to myotubes, DUX4-fl constructs are less toxic but, nonetheless, upregulate atrophy-associated genes (FOXO32/MURF1 and TRIM63/ ATROGIN-1) and lead to decreased yields of myotubes or myotubes of very abnormal morphology upon differentiation of myoblasts. 59, 63 In contrast to Model 1, Model 2 ('Majority Rules') is predicated on a large fraction of FSHD myoblasts (and myotube nuclei) exhibiting a disease-associated expression phenotype in the absence of detectable DUX4-fl RNA in 499% of the nuclei ( Figure 2 ). The diseaseassociated expression phenotype would include genes whose abnormal up-or downregulation leads to defects in muscle regeneration and function. Model 2 explains the discrepancy between DUX4-fl protein expression in only a tiny fraction of FSHD myoblasts and a large percentage of these cells having disease-linked alterations in expression as a result of transient, non-toxic expression of DUX4-fl RNA in a large fraction of the cells previous to the myoblast stage. This short-term inappropriate expression of DUX4 would initiate an irreversible cascade of gene dysregulation, similar to the way that other homeobox genes direct gene expression profiles by early transient expression during differentiation. 51 The expression of DUX4-fl RNA at the myoblast (and myotube or later) stages in a tiny fraction of nuclei in FSHD cells would be a stochastic event that is peripheral to the establishment of pathogenesis. Moreover, DUX4-fl expression in the very small fraction of myoblast or myotube nuclei expressing the gene might be toxic but it would not be toxic at the pre-myoblast stage, according to this model.
A variant of Model 2 (not shown) would involve oscillating, non-toxic generation of DUX4-fl transcripts throughout the FSHD myotube population such that, at any one time, o1% of the nuclei are generating the transcript. Such oscillating expression, which is seen for genes encoding certain transcription regulatory factors in stem cells, [64] [65] [66] might reinforce an FSHD expression phenotype set up at a pre-myoblast stage and might avoid inhibition of myotube formation if the expression were very transient to give much lower intracellular levels of DUX4-fl protein than in transfection and transduction experiments. 4 ,59,63 DUX4-fl constructs have been reported to be less toxic at the myotube stage. 59, 63 However, strong induction of expression of DUX4-fl in differentiating or differentiated myoblasts transduced or transfected with DNA constructs still resulted in some cell death, gave very abnormallooking myotubes, and increased levels of expression of genes associated with muscle atrophy. 59, 63 In the above-described models, stochastic effects determining the generation of DUX4-fl RNA and protein could contribute to the lack of consistent phenotype-genotype correlations, the asymmetry in affected skeletal muscle upon clinical presentation, and the finding that FSHD symptoms are usually not seen earlier than the second decade. 7, 8 Moreover, there may be more of a range of expression levels of DUX4-fl RNA and protein per FSHD myogenic cell or nucleus than is currently appreciated. In addition, the levels or timing of inappropriate expression of DUX4-fl in vivo in myogenic precursors (or the extent of dysregulation of downstream genes) may be different than in vitro, just as is the case for the reprogramming factor Zcan4 in embryos vs embryonal stem cells 67, 68 (see below). Nonetheless, FSHD muscle appears to have much lower levels of DUX4-fl expression than cultured FSHD myotubes and is sometimes undetectable in affected FSHD muscle biopsies, 42, 52, 61 a finding that is consistent with the models based upon the central role of myogenic precursor cells in disease pathogenesis.
EVIDENCE FOR A DISEASE-ASSOCIATED TRANSCRIPTION PHENOTYPE IN FSHD MYOBLASTS AND MYOTUBES: SUPPORT FOR THE 'MAJORITY RULES' MODEL
Expression microarray profiling of FSHD vs control muscle biopsy samples has been done, but with little consistency in the results. 31, 32, [69] [70] [71] This is probably due partly to the use of very Transcription dysregulation in FSHD M Ehrlich and M Lacey different types of microarrays, none of which were the recently improved, exon-based microarrays. Moreover, studies of muscle are complicated by various extents of contamination with non-muscle cells. In addition, myogenesis-specific changes in muscle tissue would be obscured by the very low percentage of satellite cells in muscle tissue. Recently, four multi-gene expression studies were reported for FSHD and control myoblasts and myotubes that used either exonbased microarrays 53, 72 or panels of genes for qRT-PCR. 60, 61 Although different experimental methods or types of samples were used, which probably contribute to considerable differences between the gene expression profiles, these studies present evidence for disease-linked dysregulation of many genes in FSHD myoblasts and myotubes.
First, we summarize results from our expression profiling of immunocytochemically characterized myoblast and myotube preparations 53 using myoblast cultures that were B70% confluent or that had been in differentiation medium for 4-6 days. Of the B17 000 analyzed genes on the exon-based microarray, 295 and 797 were significantly dysregulated in FSHD vs control myoblasts and myotubes, respectively (fold change 42; adjusted Po0.01). Many genes that displayed disease-related dysregulation (for example, genes for muscle structure, mitochondrial function and signal transduction) exhibited a dampening, but importantly, not the absence of normal myogenesis-specific expression changes. Some critical myogenesisassociated genes (for example, MYOD1 and MYOG) displayed normal levels of expression in FSHD myoblasts and myotubes, consistent with the normal growth and differentiation of the FSHD myoblasts and normal appearance of FSHD myotubes. However, other regulatory genes (for example, MEF2A and all four of the Argonaute genes) that could have widespread effects on gene expression were dysregulated in FSHD myogenic cells. 53 That 60 genes showed about 4-16-fold downregulated RNA levels in FSHD vs control myotube preparations indicates a high percentage of the nuclei displaying FSHD-associated dysregulation of transcription.
Our findings suggest that FSHD-related changes in gene expression contribute to abnormalities in muscle function and structure in FSHD. Among the most overrepresented functional terms associated with upregulated genes in FSHD vs control myotubes were inflammation, fatty acid elongation in mitochondria and extracellular matrix. 53 These could be relevant to the inflammation, fatty acid infiltration or fibrosis that has been observed in a varying percentages of FSHD muscle biopsies. 18, [73] [74] [75] [76] For example, expression of the proinflammatory genes IL6, IL8, IL18R1, BDKRB1, CCL2, CCL20, TNFAIP6 and TNFRSF12A was upregulated in FSHD myotubes (fold change 42; adjusted Po0.01). The fibrosis-associated CTGF, which was found to be upregulated at the RNA level in FSHD vs control muscle 32 and at the RNA and protein level in muscle fibers from patients with other muscular dystrophies, 77 was upregulated threefold in FSHD vs control myotubes. 53 Secondly, in an expression profiling study similar to ours, Cheli et al. 72 concluded that there was specific dysregulation in myoblasts and myotubes from FSHD patients vs. controls. However, their data are unconvincing because of the lack of assessment of the quality of their myoblast and myotube preparations by immunocytochemistry. Indeed, paradoxically, they reported no muscle-related terms among 177 functional terms associated with genes differentially expressed in control myoblast vs control myotube preparations. In contrast, as expected, in our microarray study all six of the top functional terms for genes displaying differential expression in control myoblasts vs control myotubes had the term 'muscle' in them. 53 In addition, Cheli et al. reported o4% overlap between several hundred genes with dysregulation in FSHD vs control cells at the myoblast stage and those dysregulated at the myotube stage, unlike in our study in which there 
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was 48% overlap between myoblasts and myotubes for the genes with FSHD dysregulation (fold-change 42; Po0.01). Thirdly, Homma et al. 60 analyzed by qRT-PCR the relative expression of 64 test genes and 11 control genes in wellcharacterized FSHD and control myoblasts at five time points before or after induction of differentiation to myotubes. 60 Their subjects were cohorts of affected and unaffected family members, with myoblasts generated from the deltoid and bicep biopsies of each subject. A hierarchical clustering analysis demonstrated that there were strong cohort-related groupings among the expression profiles and that most of the correlations in expression profiles between samples from closely related patients were stronger than the correlations between pairs of FSHD samples or pairs of control samples. The authors then analyzed the average differences in expression between the FSHD and control samples at each time point using standard t-tests and concluded that there were 'no consistent, overall differences in mRNA expression patterns or levels' between FSHD and control myoblasts. However, this analysis was statistically flawed in two critical respects: (1) the measurements at each time point were treated as independent rather than as repeated measures from each subject and (2) there was no adjustment for the variation associated with the sample cohorts. To remedy these deficiencies and thereby greatly increase the power to detect statistically significant FSHD-related differences, we fit mixedeffects models to predict the PCR-derived Ct value as a function of time and/or sample type for their data from the last three differentiation time points (2, 4 and 7 days in differentiation medium). We used nested random intercepts to account for varying baseline levels among and within each cohort, and modeled the effect of FSHD status as an additive term and, where statistically significant, as an adjustment to the time-related slope coefficient. By this re-analysis, we identified 13 genes with significant FSHD-related dysregulation of expression from their data (CXCL11, KLF4 and FRG2B, upregulated; ACTN3, DES, MYH5, MYH6, MYH14, PGK1, SULF2, FBXO32/ATROGIN1, TRIM63/MURF1 and SLC25A4/ANT1, downregulated). The SLC25A4 downregulation is contrary to previous findings, 24, 30, 78 and the specificity of FRG2B probes remains to be demonstrated for this gene, which has very similar sequences throughout the genome. In our expression profiling, six of the 64 genes common to the study of Homma et al. 60 and ours 53 displayed significant FSHD-related downregulation of at least twofold (DES, MYF6, MYH6, MYH7, TRIM63/MURF1). Three of these were also significantly downregulated in our re-evaluation of the data of Homma et al. (DES, MYH6 and TRIM63) . Of the 64 genes, 50, including FSHD candidate gene PITX1, 24, 27 displayed no significant differential expression in either study. The P-value for the relationship between the direction of differential expression between the two studies was 0.09 (Fisher's exact test), providing some evidence of an association, although not at a statistically significant level.
Given the lack of normalization of the qRT-PCR data from test genes to standard genes by Homma et al. and their unconventional use of a pre-amplification for 14 cycles before the real-time PCR, the finding of significant downregulation for three genes in both of these studies is noteworthy. Moreover, all three of these genes are strongly upregulated in control myotubes vs 19 different non-muscle cell type, 53 and were seen as upregulated in myoblasts vs non-myogenic cells in RNA-seq (http://genome.ucsc.edu/ENCODE/, Tom Gingeras, Cold Spring Harbor). This is consistent with our finding that one of the most prominent classes of genes to be dysregulated in FSHD myotubes was genes normally upregulated during myogenesis. In summary, the conclusion of Homma et al. that FSHD and control myogenic precursors have indistinguishable patterns of gene expression is not supported by our re-analysis of their data.
In the last of these recent expression studies, Geng et al. 61 transduced human myoblast cultures with DUX4-fl or control constructs and profiled differential gene expression with an expression microarray 24 h after transduction. The short time of incubation was probably intended to minimize the contribution of toxic effects of induced DUX4-fl expression to myoblasts, although it is likely that such effects still altered expression of many genes. Among the more than 1000 genes that were significantly dysregulated (fold change 42; false discovery rate o0.01) by the DUX4-fl construct was a small group of genes strongly upregulated due to transduction with DUX4-fl and expressed specifically in germ cells or during early development. By qRT-PCR, Geng et al. showed that six of these genes (ZSCAN4, KHDC1, PRAMEF1, RFPL2, MBD3L2 and TRIM43) were expressed at moderate levels in normal testis and confluent FSHD myoblasts. The steady-state levels of their RNAs were usually much lower in FSHD skeletal muscle samples, and they displayed little or no expression in control muscle or confluent control myoblasts. These results are consistent with roles for these genes in gametogenesis and abnormal regenerative myogenesis in FSHD.
The only one of these six genes with a known function is ZSCAN4/ Zscan4, which is expressed specifically at the late two-cell stage and promotes the normal progression of mouse embryos to the four-cell stage. 67 The transient expression of this gene regulates pluripotency, genome stability, and telomere stability and can upregulate expression of several hundred genes during the late stages of induced pluripotent stem cell formation with major changes in phenotypic outcome. 79 We noticed that among the genes regulated by Zscan4 are the murine homologs of KHDC1, TRIM43 and PRAMEF7, 79 all of which were found to be upregulated by DUX4-fl transduction. 61 The first two of these genes were also analyzed in human samples and shown to be testis-and FSHD-associated. 61 The 1.9-kb enhancer and promoter region of ZSCAN4 contains four binding sites for DUX4-fl protein and was responsive to strong upregulation by transduced DUX-fl in a reporter gene assay using a human rhabdosarcoma cell line. 61 Given its ability to upregulate many genes during early differentiation, this gene might be one of the earliest to be dysregulated by inappropriate expression of DUX4-fl in the FSHD muscle lineage and could have a major role in establishing the FSHD transcription phenotype.
Four of the above six testis/FSHD muscle-lineage genes, ZSCAN4, PRAMEF1, KHDC1 and RFPL2, were included in our expression array study. 53 We found that ZSCAN4, PRAMEF1 and KHDC1 were upregulated B4-, 5-and 2-fold (adjusted P ¼ 3 Â 10 À6 , 10 À4 and 10 À4 ), respectively, in FSHD vs control myotubes with only about 1.5-fold upregulation in FSHD cells at the myoblast stage. Some of the hundreds of changes in gene expression from myoblasts to myotubes 53 may be responsible for our observing a stronger FSHDassociated upregulation of levels of these transcripts at the myotube stage. We used myoblasts from 70% confluent cultures, which are not committed to myotube formation, unlike Geng et al. 61 who used confluent myoblast cultures, and this may account for their higher FSHD-specific upregulation of these genes at the myoblast stage. The testis association of these genes probably reflects the finding that the only normal postnatal tissue shown to express DUX4-fl RNA and protein is testis. 6 Another testis-associated gene, CCNA1, which encodes a meiosis-associated cyclin, was strongly upregulated in control myoblasts transduced with a DUX4-fl expression construct in the study of Geng et al. 61 Analogously, we found strong upregulation of this gene, 3.6-and 24-fold, in FSHD vs control myoblasts and myotubes, respectively (adjusted Po0.01 and 10 À6 ). 53 In summary, several studies indicate that multiple genes are dysregulated in normal-appearing FSHD myoblasts and myotubes.
OTHER EVIDENCE FAVORS THE 'MAJORITY RULES' MODEL
Because DUX4 is implicated in FSHD and is a homeobox gene, it is important to consider the nature of homeobox genes in evaluating models for DUX4 pathogenicity. The expression of homeobox genes is tightly regulated temporally as well as being highly specific for cell type, in accord with their ability to select developmental fates. 51, [80] [81] [82] Although some homeobox genes are expressed in specific adult cell populations in which they have maintenance or cell-survival functions, generally, expression of this class of genes in higher eukaryotes is most prominent in the early stages of cellular differentiation. [82] [83] [84] [85] [86] Expression of many homeobox genes depends on their long-range chromatin epigenetic environment and is facilitated by their frequent clustering. [82] [83] [84] 87 Their expression is also a function of the presence of other early differentiation-associated proteins 82, 83 as well as post-transcriptional and post-translational control. 88, 89 Model 2 (Majority Rules, Figure 2 ) involves DUX4-fl protein, at certain developmental stages, not inducing acute toxicity, but rather causing aberrant modulation of the transcription program. A parallel to this hypothesis is the finding that even typical homeobox genes like HOXA5 and PITX1 can cause p53-mediated apoptosis upon aberrant upregulation in certain cell types. 90, 91 Specific epigenetic and transcription factor determinants of expression of homeobox genes and their association with early stages of development could explain why DUX4-fl RNA might be generated transiently from a high percentage of FSHD muscle precursor cells only at a pre-myoblast, probably satellite-cell stage. Similarly, the biological activity of the homeodomain proteins encoded by homeobox genes is highly dependent on cell type. This includes the need for stage-specific DNA-binding partners and proteins that affect the activity of homeodomain proteins once they are bound to their DNA target. 92, 93 Evidence that DUX4-fl is not toxic at certain cell stages is seen in FSHD fibroblast-derived induced pluripotent stem cell cultures. 6 These differentiate to give embryoid bodies of normal appearance and cell composition, despite the evidence for a higher abundance of DUX4-fl RNA in these embryoid bodies than in FSHD myoblasts. 6 Moreover, the finding of long DUX4-fl RNA and corresponding protein encoded at both 4q35 and 10q26 DUX4 in normal testis 6 suggests a genetically programmed function for D4Z4-derived DUX4 protein at some stage(s) in normal human development that is yet to be determined.
In addition to the tandem arrays at 4q35 and 10q26, representatives of paralogous groups of mammalian DUX-type double-homeobox sequences are present in many locations in the human genome. 94 The only DUX-related gene with evidence as to its specific function is mouse Duxbl, whose expression pattern implicates it in gametogenesis, thymocyte maturation and prenatal myogenesis in mice. 95, 96 Knockout of this gene confirmed its role in the production of murine CD4 þ /CD8 þ thymocytes. 96 However, Leidenroth and Hewitt 36 concluded that Duxbl is not an otholog of DUX4. Therefore, it is unclear whether functions of Duxbl are relevant to DUX4. Moreover, they found that evolutionary descent of DUX4 from a DUXC-type precursor is more likely than from a DUXB precursor. 36 They described a tandem repeat of the DUXC-related rodent Dux gene as the most likely functional equivalent of DUX4, and it is of unknown function.
With respect to models that propose that the toxicity of DUX4 expression in myoblasts or myotubes is central to pathogenesis (Minority Rules, Model 1), C2C12 cells transduced with PAX3 or PAX7 constructs plus a DUX4 construct can be spared the acute toxicity from DUX4-fl expression. 59 PAX3 and PAX7 have important roles in embryonic and early postnatal myogenesis, and PAX7 RNA is persistently found in adult satellite cells. 86 Because PAX7 RNA is also present in undifferentiated myoblasts, which are nonetheless susceptible to DUX4-fl toxicity, the relevance of PAX7 to DUX4 and FSHD pathogenicity is unclear. The sequence similarity of the homeodomains of PAX7 and DUX4 have been invoked in hypotheses about PAX7 and DUX4 competing for DNA binding. 59 However, other homeodomain proteins in addition to PAX7 have similar homeodomains to those of DUX4 and so also may compete with DUX4-fl for binding to DNA. 36 In any event, PAX3 and PAX7 offer paradigms for how the spatio-temporally limited presence of transcription factors can counteract DUX4-fl toxicity.
The hallmarks of DUX4-fl toxicity in myoblasts are the loss of cell viability, MYOD1/Myod1 downregulation, inhibition of myotube formation or formation of very abnormal-looking myotubes, and upregulation of atrophy-associated FBXO32/ATROGIN1and TRIM63/ MURF1. 59, 63 None of these changes were observed by us or by Homma et al. 53, 60 upon examination of many FSHD myoblast cell strains; see above for evidence of FSHD downregulation, rather than upregulation, of TRIM63. Both of these groups and that of Barro et al. 53, 60, 97 found that FSHD and control myoblasts cannot be distinguished by viability, growth rates or rates of differentiation to myotubes. Although some differences in the shape of FSHD and control myotubes were reported, 63, 97 we and Homma et al. found the shape of myotubes to be variable among both control and FSHD cell strains with no disease association. 53, 60 The good growth and differentiation of FSHD myoblasts should reflect the population of satellite cells in vivo because FSHD myoblast cell strains from moderately affected muscle are no more difficult to generate than control myoblast cell strains and can undergo similar numbers of cell population doublings. 53 However, it is possible that FSHD myoblasts from severely affected muscle, which are difficult to propagate, have more frequent expression of DUX4-fl RNA and protein.
Another finding favoring Model 2 over Model 1 is that FSHD fibroblasts contain DUX4-fl transcripts at very low levels, as do FSHD (but not control) myoblasts, myotubes and muscle tissue. 6 FSHD is predominantly a skeletal muscle-specific disease. Therefore, it is likely that the inappropriate DUX4 expression that establishes pathogenesis is mostly specific to the muscle lineage and would not be shared with fibroblasts. Unlike Model 1, Model 2 with its postulated frequent expression of DUX4-fl at a muscle lineage-specific pre-myoblast stage obviates the difficulty posed by FSHD fibroblasts expressing DUX4-fl RNA.
CONCLUSIONS A large fraction of FSHD myoblasts and myotubes from moderately affected muscle displays an expression dysregulation phenotype. This and other findings support a model invoking transient, pathogenic expression of DUX4 in a large fraction of cells at the pre-myoblast stage ( Figure 2, Model 2) . Among the dysregulated targets of the hypothesized burst of DUX4 expression in this model could be the genes encoding the testis-and very early embryogenesis-specific reprogramming and telomere-stabilizing factor ZSCAN4 and the meiosis-associated cyclin CCNA1. 79, 98 These genes were upregulated by transduction of DUX4 constructs into control myoblasts. 61 In FSHD patients, we propose that there is transient expression of DUX4-fl at a pre-myoblast stage in affected regions of skeletal muscle and possibly among certain subsets of muscle satellite cells. 99, 100 This could result in upregulation of expression of these and other genes and, during regenerative myogenesis, the dampening of expression of many muscle lineage-associated genes. 53 This, in turn, could decrease the efficiency of the late stages of regenerative myogenesis or affect muscle function in a manner consistent with the usually slow progression of FSHD.
